I. INTRODUCTION
Carbon nanostructures and nanomaterials such as graphene 1,2 and especially one-dimensional nanotubes, 3, 4 nanocones, 5, 6 nanorods, 7, 8 nanotips, 9,10 nanowires, 11, 12 etc., feature many unique mechanical, optical, magnetic, and electrical properties, which offer superior opportunities for the modern applications ranging from photovoltaic cells, 13, 14 energy storage and conversation devices, 15, 16 memory devices, 17, 18 nanoelectronics 19, 20 and supercapacitors 21, 22 to nanomechanical and biomedical devices, [23] [24] [25] gas and biosensors, 26, 27 electronemitting panels, 28, 29 polymer-carbon reinforced composites, 30 etc. Presently, carbon nanostructures and nanomaterials are commonly fabricated using catalyzed chemical vapor deposition (CVD) technique. [31] [32] [33] This method is simple, but a significant lack of controllability in the shape, size, density, and other characteristics of the nanostructures produced by the CVD motivates researchers to look for the alternative techniques. Besides, the structure of the carbon nanomaterials, such as the level of structural defects, vacancies, and impurities, is often beyond the limits required for the effective use of the nanostructures in the functional devices.
Presently, plasma-enhanced CVD (PECVD) is a subject of a strong interest from academic and industry sectors because of its capacity to produce the carbon nanostructures of high quality in a controllable environment. [34] [35] [36] Owing to a high level of controllability intrinsic to the plasma-based nanofabrication, 37 ,38 the catalytic and catalyst-free PECVD is a technique particularly promising for the fabrication of various carbon nanostructures including nanotubes and graphene. 39, 40 a) Author to whom correspondence should be addressed; electronic mail:
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Plasmas are commonly perceived as the "fourth state of the matter." The plasmas represent a fully or partially ionized gas, i.e., ions, electrons, and neutral species. Importantly, the densities of the positive and negative particles in the plasma are equal, i.e., the plasma is a quasineutral medium. One more important feature of the plasma is the interaction among the charged particles leading to the collective behavior of the whole ensemble. In technological applications, mainly a low-temperature plasma is used, with the ion energy not exceeding one hundred electron-volts (of the order of one million Kelvin). A high-temperature plasma with the ion energy exceeding 100 eV is mainly a subject of the controlled fusion research and is thus outside the scope of this review. Another way to classify the plasma is to compare the ion thermal energy e i with the energy of electrons e e . The plasma is termed "equilibrium" if e i % e e , and "nonequilibrium," if e i ( e e . Both equilibrium and nonequilibrium low-temperature plasmas are used in industry and will be discussed here.
An industry-scale production of the carbon nanostructures such as nanotubes and graphenes is another problem where the use of the low-temperature plasmas may be a possible solution. 41, 42 Indeed, the production of carbon nanotubes and graphene requires specific conditions such as sufficiently high energy of the particles supplied to the growth zone, balanced influx of carbon material to the growing nanostructure, and a specially prepared (fragmented and activated) catalyst. 43, 44 In the conventional CVD process, these conditions are ensured by the use of very high (typically about 800-1200 C) process temperature. In the plasma-based processes, these conditions can be easily met by the proper selection of the process parameters such as density, electron temperature, and surface potential. The requirement of the high plasma density makes the arc plasma especially promising for the large-scale production of the carbon nanomaterials. 45 One more important point is the environment-benign nature of the plasma-based techniques. In fact, many plasmabased technological processes are conducted in a confined reactor chamber where a controlled atmosphere is used (Fig.  1 ). In vacuum-based methods, air cannot be used as a process environment due to too high oxygen content, and thus, the controlled gas mixture is created and maintained in the chamber during treatment, and then exhausted through the filters, in a controlled manner. Thus, the human respiratory tract remains isolated from the harmful volatile compounds, and exposure to toxic gas or liquid chemicals is reduced. Also, humans remain isolated from any expose to the nanomaterials which are kept in the reactor chamber during the growth process. 46 In our paper, we review the capability of the plasmas produced by the inductively coupled (ICP), microwave (MWP), and arc discharge systems for the fabrication of various carbon nanostructures, mainly carbon nanotubes and graphenes. We will discuss some of the principles of operation of these systems, as well as the key plasma parameters and their effects on the conditions of nucleation and growth of carbon nanostructures. Advantages and disadvantages of these plasma systems will be considered. Future trends in the development of these plasma-based systems will also be addressed. 47, 48 This review is mainly based on the results obtained in collaborative efforts of researchers from CSIRO (Australia), George Washington University (USA), the University of Kiel (Germany), and Nanyang Technological University, Singapore. Specializing in different plasma systems and processes, these research groups developed several practical techniques through collaborative efforts. The demonstration of the usefulness of international collaborations is one of the aims of this work. Along with this, a large body of the results obtained by other researchers is discussed.
II. INDUCTIVELY COUPLED AND MICROWAVE PLASMA SYSTEMS A. Principle of operation and plasma parameters
The chemical vapor deposition is a process widely used for the fabrication of various surface-bound nanomaterials such as nanotubes, nanorods, nanocones, nanotips, and nanowires. In this process, a solid material is deposited onto a heated substrate from gaseous precursors. Chemical reactions in the gas environment are used to synthesize the target nanomaterial on the surface. In many cases, CVD technique involves a complex chain of the processes including dissociation of the carbon-containing precursors (such as methane, acetylene, ethylene, ethanol, carbon dioxide, etc.), formation of larger molecules in the gas environment and on the surfaces of the substrate and catalyst, diffusion of various species over the substrate and catalyst surfaces, saturation of the catalyst, 49, 50 nucleation of the nanostructures on the catalyst 51, 52 or directly on the substrate surface. 53 As a result, growth of the pattern of nanostructures occurs due the material flux directly from the gas phase or by the surface diffusion, 54 and further incorporation of atoms into the growing structure. 55 
FIG. 1. (Color online)
Plasma-based technological nanofabrication is conducted in a confined reactor chamber. The worker breathing zone remains isolated from the harmful volatile compounds, and no toxic gas or liquid chemicals can be exposed to humans. No radiation is present outside the chamber, no harmful gas leakage and harmful by-products. Due to many drawbacks of the CVD technique such as low controllability with respect to the nanostructure properties, position, size, and shape, as well as low growth rate and need for a very high surface temperature, the plasma-based CVD process was proposed. This process relies on the plasma environment as an extra dimension to control the processes related to the nucleation and growth of the surface-bound nanostructures. The plasmas differ from neutral gases by the presence of free electrons and various ionized species which in turn could be in various excited states. 56 As a result, the plasma may be affected by an external electric or magnetic field, and hence, the ion and electron fluxes may be effectively controlled. Indeed, numerous studies on the plasma-based fabrication of various nanostructures have demonstrated unprecedented level of control over the material fluxes, heating, and eventually structure and properties of the nanostructures grown on the plasma-immersed surfaces. 57 Among others, the possibility to grow large patterns of the vertically aligned nanostructures is one of the major advantages of PECVD, as compared to the conventional CVD technique. 58 Other benefits of the plasma environment include, but not limited to, the lower temperatures required for nucleation and growth of the nanostructures, as well as much higher growth rates.
The low-frequency inductively coupled plasma reactors 59, 60 are successfully used for the fabrication of various surface-bound nanostructures such as nanorods, 61 nanocones, 36 nanowires, 62 graphene, 63 and large patterns of nanodots. 64 Schematics of the two typical ICP reactors are shown in Fig. 2 . The most frequently used reactors consist of a vacuum chamber and a planar inductive coil installed on the upper lid of the chamber, as shown in Fig. 2(a) , or a coil installed over the confinement tube [ Fig. 2(b) ]. Also, various multispiral configurations may be used. 59 In contrast to the capacitively coupled plasmas, the inductively coupled discharge is sustained by the alternating radio frequency electromagnetic field generated by the induction coil installed on the dielectric lid or over the dielectric confinement tube. An alternating electromagnetic field is used for the heating and electron-impact ionization of the gas, eventually sustaining the steady discharge. The ICP operated in the H-mode typically features a much higher plasma density, as compared to capacitively coupled plasmas. 59 The microwave plasma reactors used in the nanofabrication operate at typical microwave frequencies such as 2.45 GHz. The schematic of the MWP setup is similar to that of ICP. 53 The reactor chamber is connected to the microwave generator (magnetron) with the help of a waveguide, and thus, the microwave energy is supplied through the quartz window to the chamber where the discharge is sustained.
Both ICP and MWP reactors are usually equipped with the vacuum and gas supply systems capable of maintaining the required pressure and gas composition in the reaction chamber. To increase the energy of ions supplied to the growing nanostructures, a negative biasing potential can be applied to the substrate holder. Also, the reactors are usually equipped with a diagnostic system consisting of various types of probes, to enable measurements of the most important parameters such as the electron energy and the plasma density. The gas pressure in the chamber is usually monitored with the help of Pirani and Penning gauges, as well as capacitance manometers.
It should be also stressed that the surface temperature is one of the key parameters in nanofabrication. 65, 66 In the plasma-based systems, the surface temperature can be controlled even without external heating, by regulating the energy flux from the plasma. 67 Some typical characteristics of the ICP and MWP reactors are summarized in Table I .
B. Growth of vertical carbon nanostructures in ICP
Owing to high plasma density and ion energy, the ICP reactors are effective for the growth of various vertically aligned carbon nanostructures, such as carbon nanocones. An example of such nanostructures successfully grown in the ICP reactor with the planar inductive coil is shown in Figs. 3 and 4 . 36 The nanocones were grown on a lightly doped n-Si(100) substrate, which was coated with a nickel catalyst (layer of 30 nm thick deposited by the magnetron sputtering) before treatment in the ICP reactor. The catalystcoated specimens were installed in the reactor chamber on the sample holder, and first pretreated by the discharge ignited in argon for 30 min. Next, a discharge in a mixture of argon and hydrogen was used to prepare the catalyst layer for nanostructure nucleation. Specifically, during this stage, the metal catalyst layer was fragmented into separate islands, suitable for the nucleation of separate nanocones. After preparing catalytically active metal islands, methane was supplied to the reactor chamber, and the growth of nanocones started. During the growth, no external heating was used and the growing nanostructures were heated by the plasma flux, which was strong enough to maintain the surface temperature of about 500 C when the biasing potential of 300 V was applied. 36 During the process, the plasma with the density of 10 12 cm À3 was sustained, when the radio-frequency power of 0.1 W Â cm À1 was applied to the upper coil. As it can be seen in Fig. 3 , dense patterns of the carbon nanocones with the height of 300-800 nm were grown. For the short deposition time (5 min), very nonuniform pattern was formed, whereas after 10 min into the process, the uniformity was significantly improved, and quite uniform patterns eventually formed after 20 min of deposition [ Fig.  3(c) ]. Along with the uniformity, the shape of the nanocones also changed and the nanostructures became much thinner. The Raman characterization technique has shown that the ratio of G and D bands increased with the deposition time, i.e., the crystalline structure was improved and the amount of amorphous carbon decreased with the process time. 36 The XRD technique has also evidenced the best crystalline structure of the samples grown for the longer time. Thus, the plasma-related processes can significantly enhance the quality of the synthesized nanostructures.
C. Catalyst-free growth of vertical carbon nanotubes in microwave plasma Microwave plasmas can be successfully used for the growth of large arrays of vertically aligned carbon nanotubes. 53 Normally, the plasma-based fabrication of carbon nanomaterials requires metal catalyst to initiate the nucleation and sustain the nanostructure growth. Fabrication of metal-free nanotubes not containing any metal particles represents a strong interest for the nanoelectronic applications. The nucleation and growth of carbon nanomaterials can be achieved without a metal catalyst, but this is done by a complex postprocessing, 68 which leads to the degradation of the nanotube properties and damage to the substrate. 69 Therefore, the metal-free fabrication of the carbon nanotubes is not practical for the industrial-scale production. 70 It should be noted that the carbon nanomaterials could be nucleated on nonmetallic catalysts (e.g., on semiconductor nanoparticles), but only low-quality structures could be produced in such process. 71, 72 The nanotubes catalyzed and grown without metal catalyst are usually not vertically aligned and have irregular pattern structure. Nevertheless, the microwave plasma technique enables an efficient catalyst-free nucleation and growth of dense, vertically aligned arrays of long nanotubes on silicon wafers. 53 In the experiments on catalyst-free fabrication of carbon nanotubes, 53 several different experimental variations were used with respect to the plasma/gas environments, plasma location relative to the substrate, and presence of the special notch and dot patterns on the surface. Specifically, the following configurations were used: gas contacting the surface with/without any written features; remote plasma and surface with/without written features, and plasma contacting the surface with/without written features. The nanotube nucleation in the neutral gas environment and in the remotely located plasma was not observed for any surfaces, and only the plasma contacting the mechanically patterned surface (parallel linear notches and spots were mechanically written on silicon) has produced the nanotubes. The microwave discharge was sustained for 3-5 min in a mixture of methane and nitrogen at a pressure of typically 10 Torr, and the surface temperature was maintained in the range of 700-800 C by the plasma heating. These arrays were formed in a very fast process with the growth rates up to $50 lm/min. These growth rates are much higher compared to the processes conducted in the absence of metal catalyst. Figure 5 illustrates the fabricated nanotubes. Scanning electron microscopy (SEM) has shown that a high-density forest of highly aligned nanotubes precisely replicated the notch pattern, including complex patterns consisting of linear notches and spots applied directly over the notch. The transmission electron microscopy (TEM) and Raman characterizations of the nanotube structure have clearly shown the absence of catalyst particle at the closed end tip of the nanotubes, thus revealing the base-led growth mode. 73, 74 The nanotubes reached 80 nm in diameter.
The mechanism of the nanostructure growth without metal catalyst particles was explained based on the key role of nanoscale features on the surface. 53 The nanoscale features were created by mechanical writing of the pattern. Since the carbon solubility in silicon is low 75 and very high growth rate was observed, one can assume that the bulk diffusion of carbon in silicon did not play a major role, and a vapor-liquid-solid mechanism was not involved. Initially, the tip of a Si nanoscale feature was heated up by the plasma. Then, the heated tip reshapes 76 due to the rearrangement of material. Next, the carbon atoms form closed chains in the steps on the silicon surface. Finally, the nanotubes nucleate from these chains and start growing. When the nanotube reaches the maximum length, the tip of nanotube closes. Hence, in this process, the nucleation of carbon nanotubes occurs by the minimization of surface energy at the steps formed on silicon surface, 77 where the adsorbed atoms can be considered as "partially dissolved." Since the silicon surface is covered with a large number of nanoscale surface features, the resulting array of long multiwall nanotubes is very dense and formed only on the mechanically patterned areas.
The plasma-related effects are essential for the above process since the plasma-related heating and high rate of material delivery are of the primary importance here. Therefore, the catalyst-free, dense arrays of long vertically aligned multiwall nanotubes can be grown using a low-temperature microwave discharge on the silicon wafers where the arbitrary pattern was mechanically applied. Schematic of the nanotube growth on the surface features is shown in Fig. 6 .
Note that the nanotube patterns fabricated using microwave plasmas feature a very high density. In contrast, the use of neutral gas-based CVD process results in the formation of nanotube patterns of a significantly lower density, as evidenced by SEM images shown in Fig. 7 
D. Controllable growth of graphene flakes in ICP
Graphene was discovered recently and now it attracts great attention of the researchers due to exceptional mechanical, electrical, optical, and other properties. Graphene can be a very promising material for many applications in nanoelectronics, energy conversion, sensing, various nanodevices, supercapacitors, nanoelectromechanical systems, and many others. 79, 80 Many applications require graphene nanosheets in the form of flakes consisting of a few graphene monolayers. These nanosheets should be separated and securely attached to the surface of the substrate suitable for the specific application (e.g., doped silicon). Besides, it is highly desirable to precisely control the position and orientation of the graphene nanosheets during the fabrication. [81] [82] [83] [84] [85] The vertically aligned graphene nanosheets expose open edges which ensure many unique features, related to the high reactivity of the reactive edges of graphene monolayers, which can enhance electric field, attach atoms and biological species. [86] [87] [88] The known fabrication techniques capable of producing high-quality graphenes (such as chemical solution methods, 89 arc discharges, 90 and CVD) could not ensure precise control of the graphene alignment and orientation. None of these techniques is able to produce high-quality vertically aligned graphenes on the wafer surface. Instead, only unbound (like in arc discharges) or flat-oriented (by chemical methods) graphenes can be produced.
The low-temperature ICP plasmas can be useful for the fabrication of large arrays of well-separated graphene nanosheets, vertically aligned and bound on the wafer surface. Moreover, the plasma-based process demonstrates an excellent controllability of the graphene orientation and placement on the surface. In the typical experiments, the plasmaproduced nanosheets were perfectly oriented along the substrate center-substrate edge direction in the pretty wide (as compared with the nanosheet size) substrate edge zone. These nanosheets rested on the silicon nanograss (a dense array of nanoscaled silicon cones on the silicon surface 91 ), fabricated from the silicon substrate in a separate plasmabased process. 92 SEM, TEM, and Raman techniques were used to characterize the produced nanosheets. A perfect alignment, orientation, and the few-layer internal structure of the nanosheets were confirmed. These perfect nanostructures can be used for the development of advanced nanodevices that require graphene directly integrated into a Si-based nanodevice platform.
The fabrication process involved two main stages. At the first stage, silicon nanograss was fabricated on the silicon substrate by processing the wafers for 120 min in a radiofrequency ICP discharge 93 ignited in H 2 gas at a pressure of 5.0 Pa. The discharge was sustained by supplying 500-600 W RF power to the chamber. The substrate temperature was maintained in the range of 350-400 C, and the wafer was biased negatively by applying the À250-300 V potential relative to the grounded chamber walls. The nanograss consisted of sharp self-organized Si nanoconical structures, typically of about 1 lm in height, with the base diameter up to 100 nm. The produced pattern was fairly dense and uniform (see more details on the nanograss structure and characterization elsewhere. 92 ) Then, the nanograss was used as a catalyst-free platform for the fabrication of self-organized vertically aligned graphene nanosheets. The wafer surface was activated for 3 min using radio-frequency ICP plasmas ignited in nitrogen (gas pressure of 4 Pa and RF power of 400 W). The growth process was initiated by adding methane to the discharge. During the growth, a discharge power increased to 800-1000 W was used, along with the higher (up to 5-10 Pa) gas pressure and surface bias of À50 V. The wafer was heated by the plasma irradiation only, and the substrate temperature did not exceed 500 C. After 10 min into the process, well-aligned vertical graphene nanosheets (VGNS) were fabricated (Fig. 8) .
Thus, the low-temperature ICP and microwave plasmas are efficient tools for the fabrication of various surfacebound nanostructures such as carbon nanotubes, nanocones, and graphene flakes. Notably, some very important features not possible in the gas-based fabrication techniques were achieved in plasma-based processes, namely, an efficient catalyst-free growth of carbon nanotubes, fabrication of the complex structures of nanotubes on the mechanically written patterns, and highly controllable fabrication of the few-layer vertically aligned graphene nanosheets.
E. Synthesis of carbon nanoparticles in radio-frequency plasma
Along with other plasma-grown carbon nanostructures, the nanoparticles grown directly in the volume of process chamber are of a particular interest due to possible precise deposition onto specific locations using custom-shaped electric fields immediately after nucleation and growth in the gas phase. 94 The plasma technique allows efficient nucleation and growth of the carbon nanoparticles from carbon-containing gases. 95, 96 In typical experiments, 97 a specially designed setup was used in which an asymmetric radio-frequency discharge at 13.56 MHz is sustained. Argon and acetylene are typical gases that are used as a background gas and a reactive precursor, respectively. The power of the discharge may be varied in a broad range, reaching 50 W. Under these conditions, the plasma density reaches %10 9 cm
À3
. The cloud of nucleated carbon nanoparticles can be made visible by illuminating them with a laser beam, as shown in Fig. 9(a) . Furthermore, a void (dust-free region) can be observed between the two clouds. These plasma-grown nanoparticles precipitate to the lower electrode after acquiring an excess mass precluding them from levitation. Finally, they can be collected on the electrode surface. Figure 9(b) is an SEM image of nanoparticles found on the electrode surface.
The nucleation and growth of nanoparticles in lowtemperature plasma proceeds via the following mechanism. 98 After the initial phase, the nuclei of a few nanometer size move in the plasma, collide, and coagulate. 99 Finally, they form larger particles with the size of several tens of nanometers. 100, 101 The density of such particles typically reach (1-5) Â 10 3 cm À3 (up to 10 4 cm À3 for higher discharge powers). Since the larger negatively charged nanoparticles have larger collision cross-sections, they also accumulate neutral radicals and positive ions, and thus grow up to several hundred nanometers. The size distribution of the nanoparticles tends to be monodisperse. 100, 102 It should be also mentioned that the density of nanoparticles can reach 
$10
7 cm À3 in the pulsed symmetric Ar-C 2 H 2 capacitively coupled discharges; in this case, the charged nanoparticles can significantly affect the plasma properties. 103 F. Growth of nanostructures on plasma-exposed surfaces-theoretical examination When examining the growth of nanostructures on the plasma-exposed surface, the two main groups of the physical processes should be distinguished, namely, surface processes and plasma processes. While the surface processes are mainly responsible for the formation of the internal structure of the nanostructures and the morphology on nanostructure patterns, the plasma processes are mainly responsible for the material delivery to the substrate surface and surfaces of the growing nanostructures. Nevertheless, these groups of the processes are tightly interrelated and should be examined in the framework of the integrated model. The most important processes occurring on the plasma-exposed surfaces are the surface diffusion between growing nanostructures, evaporation of the adsorbed particles from the wafer and nanostructure surfaces to the space and 2D vapor, and attachment of the particles to the growing nanostructures. 104 The aim of the surface model is to calculate the balance of material fluxes on the surface of the nanostructures, rate of the nanostructure growth and, eventually, an internal structure of the nanostructures.
The material balance on the individual nanostructure is
where w i is the total flux of material to the individual nanostructure, w þ P is the flux of material to the nanostructure from the plasma, w þ S is the flux of material adsorbed on the surface to an individual nanostructure, w À E is the evaporation from the nanostructure, and w À N is the flux of material evaporated from the nanostructure to the two-dimensional vapor. A similar relation may be written for the energy balance, taking into account various energy contributions such as radiation, power transfer by electrons, ions and neutral species, and other energy sources including possible exothermic and endothermic reactions on the surface. 67, 105 Then, the flux to the surface of the individual nanostructure from the plasma w
where j SN is the ion flux from plasma to the nanostructure, S N is the area of the nanostructure surface, and w an is the flux of neutral particles to the nanostructure from the plasma. The flux w þ S can be obtained by solving the diffusion equation for the density of atoms g(x, y, t) adsorbed on the substrate 50, 104 
where w in is the total flux of atoms and ions to the substrate from the plasma, w vpi is the flux of evaporation, and D is the surface diffusion coefficient. The evaporation flux w vpi is 50
where e Se is the energy of evaporation from the surface, T is the surface temperature, k a is the lattice constant, 0 is the frequency of lattice atom oscillations, and k is the Boltzmann's constant. The total flux to the substrate from the plasma, w in , is
where j S is the density of the ion flux to the substrate, and w a is the flux of neutral species to the substrate from the plasma. Hence, the total flux of adsorbed atoms to the individual nanostructure can be calculated as
where L is the perimeter of nanostructure, m is the adatom mass, and q m is the nanostructure material density. The surface diffusion coefficient can be calculated as
where e d is the surface diffusion activation energy. The flux of atoms evaporating from the surface of an individual nanostructure w À E into the 3D vapor is calculated as
where S i is the surface area of an individual nanostructure, and e a is the evaporation energy. The two-dimensional flux w À N from the individual nanostructure is calculated similarly to Eq. (8) .
To describe the growth dynamics of various nanostructures, different forms of the growth equations should be used. The nanocones may be described with the following set of equations:
and
where V is the volume, r is the base radius, and h is the height of the nanocone.
The most important feature of the plasma-surface interactions influencing the kinetics of material supply to the plasma-immersed body is the formation of a sheath above the surface. 106 The ions enter the sheath with the Bohm velocity V b ¼ (kT e /m i ) 1/2 (assuming that the sheath is collisionless), where T e is the electron temperature and m i is the ion mass. In the most common case of the thick sheath (for kT e ( U S , where U S is the surface potential), the sheath width can be estimated as k S % k D ð2U S =kT e Þ, where
= is the Debye length, e is the electron charge, e 0 is the dielectric constant, and n is the plasma density.
The electric field in the vicinity of the nanostructure is very strong due to very large surface curvature. Thus, the density of the electric charges in the plasma-surface sheath can be neglected, and the electric field can be found from the Laplace equation Du ¼ 0, with the boundary condition of equipotentiality over the entire conductive surface /ðx; y; zÞj SURF ¼ U S :
Note that we are considering mainly carbon nanostructures, so the surface can be assumed conductive in most cases, e.g., related to graphitic carbons. Thus, the model describes material supply through the plasma-surface sheath to the wafer surface, and further material supply to the individual nanostructures. As it can be seen from the above analysis, the nanostructure growth on the plasma-exposed surface is determined by many process parameters including the plasma density, electron temperature, surface temperature, surface diffusion energy, and some other parameters. On one hand, this enables many interesting possibilities for the growth control by managing material supply to the wafer surface and each nanostructure. On the other hand, this makes the control very complicated. Also, the presence of the surface-plasma sheath limits the rate of material supply. Nevertheless, it well exceeds that of the neutral gas-based process, and thus the growth rate of the plasma-fabricated nanostructures much exceeds the growth rates observed in the neutral gas-based process. However, the sheath makes it possible to precisely control (via the plasma parameters) the material supply to the surface, and thus to form a defect-free crystalline structure of the nanostructures. This is especially important during formation of carbon nanotubes and graphenes, which should in some cases exhibit a perfect structure. In general, the energetic ions can indeed produce defects in the crystalline structure. Nevertheless, in the typical low-temperature plasma processes of interest here, the probability of generation of ion-induced defects is not high. Indeed, the characteristic energies of the onset of defect formation in carbon nanotubes and graphenes are quite high and reach $10 eV for the highly crystalline structures. 107 This energy is comparable with the typical cross-sheath potential in high-density lowtemperature plasma processes, e.g., inductively coupled plasmas. 55 On the other hand, the ions bombarding the growing structure on the surface lose their energy for many processes, such as activation and removal of hydrogen usually terminating the dangling hydrogen bonds, heating the surface, activating atoms of the crystalline structure, and others. As a result, most of the impinging ions are not able to produce significant defects. Instead, the accelerated ions help activating the growing surface and to eventually produce the highly crystalline structure. Indeed, highly crystalline carbon structures are effectively produced in the plasma. 37 
III. ARC DISCHARGE SYSTEMS A. Principle of operation and plasma parameters
The arc discharge in vacuum or controllable gas atmosphere is one of the most promising techniques for the largescale production of various nanostructures with minimal structural defects. This method combines a large yield with relatively high controllability. 108, 109 A typical setup for the arc-assisted nanofabrication is shown in Fig. 10 . In this system, the temperature of the anode surface may reach 3000-3500 K. 110 An intense erosion of electrode material in the discharge spots produces dense thermally equilibrium plasma. 111 In the discharge core, the gas temperature may reach 5000 K. Therefore, the nanostructures growing in the plasma can be effectively heated up to the temperatures required for the efficient crystal growth. The application of an external magnetic field (e.g., by installation of the additional magnetic coil or permanent magnet in the discharge zone, see Fig. 10 ) significantly increases the plasma density and temperature. 114 In this process called magnetically enhanced synthesis, the plasma density is increased by the two effects: first, by magnetic confinement that restricts the plasma in the area close to the electrodes, and second, by magnetizing electrons and thus creating conditions for more effective ionization of the neutral gas atoms. 112 In turn, the plasma temperature increases in the magnetic field due to stronger electric field in the magnetized plasma. This results in the increased heating of the nanostructures in the plasma, and hence, an increased flux of material to the surface. As a result, fast nucleation and growth of the nanostructures is provided. Typical characteristics of the arc discharge are summarized in Table II. 
B. Graphene production in arc discharge
In a typical arc-based process, 113 the graphene flakes are produced using carbon anode and cathode installed in the nonmagnetic vacuum chamber. The anode is a rod with a hole in the center. The hole is filled with a mixture of graphitic carbon and catalyst (for example, Y-Ni powders in 1:4 ratio) with the average particle size up to 1 mm. A dischargeenhancing cube-shaped permanent magnet installed in the chamber creates a nonuniform magnetic field of about 1 kG in the interelectrode gap. An interelectrode gap may be varied in the range of 1-10 mm. A typical topography of the magnetic field is shown in Fig. 10 . The process is conducted in a helium gas at a pressure of 200-500 Torr. 114 More details on the process and setup design can be found elsewhere. 113 Since the gas temperature in the magnetically enhanced plasma may reach 5000 K, an intense evaporation of the metal catalyst particles emitted to the plasma from the electrode is sustained. 115 In the remote zones of the discharge, the gas temperature falls down, the metal catalyst renucleates into small (several nm in diameter) particles, which slowly grow in the plasma. When the temperature falls below 1500 K, nucleation and growth of the graphene on the small newly nucleated catalyst particles starts.
Graphene can be also produced in the catalyst-free arc discharge process. In this case, a hydrogen-containing environment should be used to terminate dangling bonds and thus prevent the graphene sheets from rolling into nanotubes. Hydrogen can effectively reduce oxides and carbides in the plasma, so the process conducted in the hydrogen-enriched environment may result in graphene doping with some dopants. On the other hand, the catalyzed process in a noble gas environment makes the technique highly flexible with respect to any graphene compositions.
The deposition of the graphene nucleated and grown in the arc discharge-based process can be controlled by using a specially selected metal catalyst. In the typical experiments, a mixture of the two transition metals was used. Yttrium, which is a paramagnetic metal capable to easily form carbides and thus enable quick and efficient nucleation of graphene, and nickel, which is a ferromagnetic metal with the Curie temperature of about 350 C, were used as catalysts. 112, 113 The metal catalyst nanoparticles are nonmagnetic in the hot zone of the discharge. Then, the catalyst temperature decreases below the Curie point outside of the hot discharge zone, the catalyst particles become ferromagnetic and change the trajectory in the external magnetic field. Finally, these particles with the graphene flakes attached to them deposit onto the specific surfaces of the collecting magnet. Therefore, a custom-designed catalyst composition led to the graphene deposition onto the magnet surface. and the flakes consist of typically up to 10 layers. Using the atomic force microscopy (AFM), the flakes of about one micron with a fairly uniform height in the 1-5 nm range (Fig. 11) , i.e., of 3-15 graphene layers were revealed. The Raman characterization of the collected flakes has demonstrated the presence of a D-peak at around 1325 cm
À1
, which indicates relatively small amount of the structural defects in sp 2 bonds. The G-peak at 1582 cm À1 and highly symmetrical 2D-peak at 2650 cm À1 evidence the occurrence of a relatively small number of graphene layers.
The production yield of the graphene flakes in the arc discharge can be estimated by the anode ablation rate reaching (3-5) Â 10 À3 kgÂ min
. 108 Besides, the higher production yield can be reached by increasing the arc discharge current, since the carbon supply rate increases linearly with the current. 110 Therefore, the graphene production can be scaled up to 1 Â 10 À3 kgÂ h À1 m À2 when the arc current of 100-150 A is used.
C. Synthesis and separation of graphene and carbon nanotubes in arc discharge
The arc discharge plasma can be also used for the largescale production and simultaneous separation of the carbon nanotubes and graphene flakes. 116 In this case, a specially designed discharge enhancing/separation magnetic unit (DESMU) was used to collect the carbon nanostructures. Also, the nanostructures were collected from the chamber walls. In Fig. 12 , one can see the schematic of the setup, photographs of the discharge, as well as topography of the magnetic field produced by DESMU and SEM images of the typical carbon nanomaterials-ropes of nanotubes and graphene fragments. The nanotubes and graphene flakes were deposited on the magnet surfaces only, whereas lacey carbon was found only on the chamber walls.
The size of the graphene flakes grown in such process reaches 2500 nm, with the crystallographic faceting clearly visible on some of the flakes. The flakes are usually covered with amorphous carbon. The typical size of the metal particles found in the TEM images reached 10 nm. SEM characterization of the deposits was used to roughly estimate the production rate, which reaches 1 Â 10 À4 m 2 Â h À1 of graphene for the discharge current of 50 A, or 0.02 cm 2 h À1 A
À1
. The numerous multiwalled carbon nanotubes were also found in samples collected elsewhere on the chamber walls.
D. Growth of nanostructures in arc plasmastheoretical examination
Now we will discuss the probable mechanism of the graphene flakes and carbon nanotubes growth of in the plasma of the magnetic field-enhanced arc. The theoretical and experimental studies have proven the following scenario for the formation of large multilayered flakes in the plasma. At the first stage, a single layer graphene flake nucleates on the metal catalyst particle and grows to a larger radius without formation of any additional layers. At the second stage, the single layer graphene flake reaches a critical size and a new layer nucleates, thus forming a two-layer flake. Next, the base layer and a newly nucleated second graphene layer grow together and after some time a new (third) graphene layer is formed on the top. This process stops when the flake is deposited on the collection surface. It is quite evident that the main condition for the formation of a large graphene flake consisting of a few graphene layers is the low density of carbon atoms adsorbed on the flake during the growth in the plasma. When the atom density on the flake is low, the deposited carbon atom evaporates from the flake growing in the plasma before another atom deposits onto the flake. As a result, no nucleation of a new layer is possible, and the graphene flake grows as a single-layer fragment. If the flux of carbon atoms from the plasma to the surface of the graphene flake exceeds the flux of carbon evaporation, the carbon adatoms are accumulated on the flake surface, the density of adatoms increases and a new graphene layer nucleates. The critical graphene flake size can be estimated by taking into account the main processes on the graphene flake growing in the plasma. Specifically, the carbon flux to the flake from the plasma, carbon flux from the flake by surface diffusion to the flake edges, carbon evaporation from the flake to the plasma bulk, and removal of the carbon adatoms by direct impact of the gas molecules deposited onto the flake from the plasma should be considered.
The flux of carbon material to the surface of a singlelayer graphene flake from the plasma can be estimated as
where V i is the ion velocity, n c is the density of carbon ions in plasma, and S is the graphene flake surface area. Assuming S ¼ pR 2 and the ion velocity equals to the Bohm velocity V B ¼ (kT e /m i ) 1 =2 , where R is the graphene flake radius, T e is the electron temperature, m i is the carbon ion mass, and n c ¼ n p where n p is the plasma density, one can obtain
Next, the flux of carbon adatoms to the flake edges, W e , can be estimated using the random walk distance relation R 2 ¼ D S t, where D S is the surface diffusion coefficient, and t is the characteristic diffusion time. The surface diffusion coefficient can be written as
where e d is the surface diffusion activation energy, and T is the graphene flake surface temperature. Combining the two above described formulas one can obtain the expression for the characteristic time of adatom diffusion on the graphene flake
Since the flux of carbon adatoms to the flake edges is esc ¼ 1/t, one can obtain
Substituting an expression for the lattice oscillation frequency 0 ¼ 2kT /h, where h is the Planck's constant, one can finally obtain an estimate for the W e as
The carbon adatoms are also removed from the graphene flake by the impact of gas molecules depositing from plasma with an energy exceeding the carbon evaporation energy. The frequency of this process is C ¼ V 0 n 0 k 2 Â exp(Àe a /kT 0 ), where
1 =2 is the gas atom velocity, m is gas atom mass, e a is the surface evaporation energy, n 0 ¼ P 0 /(kT 0 ), P 0 and T 0 are the gas density, pressure, and temperature. Thus, one can obtain
The most important parameter of the graphene flake, the critical radius, can be calculated by the balance between the four main fluxes, i.e., W S ¼ W P þW e þW i , where W P is the evaporation. It can be concluded from the above model that the graphene flake temperature, plasma density, and the electron temperature in the plasma are the key parameters which specify the size of a single layer graphene flake. The calculations made for the typical arc plasma density of 10 19 m À3 and the two typical electron temperatures of 0.1 and 0.5 eV have shown that the above model reasonably predicts the size of the graphene flakes grown in the arc discharge-based process. (e) Schematic of the mutual position of the cube-shaped magnet, anode and cathode, and the computed 2D map of the magnetic field (field strength of 1.2 kG in the discharge gap was optimized for the highest yield of both graphene and nanotubes. (f) Consecutive photographs of the discharge development in the nonuniform magnetic field. At the first moments after ignition (t 1 ), the discharge is localized between the cathode and anode. Later (t 2 , t 3 , and t 4 ), plasma plume becomes unsymmetrical and pulls (due to the interaction with magnetic field) toward the magnet of the discharge enhancing/separation magnetic unit. Similar dependencies can be obtained for the growth of the carbon nanotubes in arc discharge plasmas, assuming that the nanotubes grow on the partially molten metal catalyst particle supplied to the plasma from the ablated electrode (Fig. 13) . The metal particle immersed in the plasma is a subject of the significant heating and ablation, which reduce the particle size and eventually lead to the formation of an external liquid shell. The carbon atoms deposit on the surface of the particle, diffuse through the liquid shell, and eventually incorporate into the nanotube. The ion flux at the sheath border-nanotube surface supplies carbon atoms to the nanotube. Upon recombination, carbon adatoms migrate about the nanotube surface and eventually reach the molten catalyst shell or re-evaporate to the plasma bulk. Presently, the two growth scenarios are accepted: the vapor-liquid-solid 117, 118 and solid-liquid--solid. 119 Both scenarios include the diffusion of the carbon atoms in the molten shell, and thus the carbon supply to the external catalyst surface is a decisive factor that determines the growth kinetics of the nanostructure. To evaluate the carbon supply to the catalyst, one should use a diffusion model described in the Sec. II F devoted to the growth of carbon nanostructures on the surface.
To understand the experimental fact of the nanotube length increase in the magnetically enhanced discharge, one should take into account that at higher plasma densities (up to for 5 Â 10 18 m
À3
) the sheath around the nanotube is narrow, and the ion focusing becomes much stronger [ Fig. 13(b) ]. The number of ions deposited directly on the catalyst surface increases, and the adatoms should pass a longer distance along the nanotube. As a result, the re-evaporation loss decreases, and the length increases. 113 At lower plasma density, the sheath between the plasma and surface of the nanotube is large, and the ion flux is distributed nearly uniformly on the surface. The catalyst immersed in the plasma adsorbs some fraction of the total ion flux deposited on the nanotube, and the rest atoms re-evaporate from the nanotube surface.
IV. CONCLUDING REMARKS
A. Unique features of the plasma environment
As compared with the conventional neutral gas-based process environment, the plasma-based process offers several features important for the nanofabrication. The principal advantage is very high (and highly controllable) energy density in the process area, which allows effective control over the energy and material supply to the nanostructures. Moreover, high energy density ensures unique possibilities for the bulk synthesis of various precursors, which can be used for the further deposition onto the nanostructures growing on the surfaces, and for the nanostructure nucleation and growth in the plasma bulk. Normally, an external heating of the growth surfaces can be avoided in the plasma-based process, thus keeping the substrate material intact.
One more significant feature of the plasma-based technique is the involvement of the charged particles (ions and electrons) and strong electric field in the process. As a result, proper selection of the process parameters such as the plasma density, electron temperature, and surface potential could be a powerful tool for the precise control of the material deposition onto nanostructures. Magnetic fields could also be used for controlling the process parameters (plasma density and temperature) and trajectories of the growing nanostructures moving in the plasma bulk. These ways of control are impossible in the neutral gas-based techniques.
A very high plasma density in the arc discharge makes it very promising for the large scale, bulk production of various nanoparticles and nanomaterials, including highly demanded nanotubes and graphene. In contrast, neutral processes are usually based on the surface nucleation and growth, which are substantially two-dimensional and hence, exclude most of the process environment from participation in the nanoscale synthesis and processing.
One more important feature of the plasma-based technique is the possibility to selectively produce specific carbon allotropes during the growth. Indeed, several carbon allotropies are important for various applications. In some special cases, a complex combined platform involving two or more allotropes should be created in a single process (e.g., amorphous carbon and dense pattern of carbon nanotubes for the immobilization and protection of the biocatalysts). 120 A lowtemperature plasma-based process provides unique possibilities to fabricate such sophisticated platforms. Moreover, a possibility to fabricate and separate several carbon allotropes (e.g., carbon nanotubes and graphenes) was discussed above. It should be noted that it is not easy to specify the key parameter for every specific carbon allotropy to emerge in any particular system. Nevertheless, the plasma environment allows precise control over the most important parameters such as the gas and surface temperatures and the rates of material delivery and removal, and eventually, to adjust the synthesis process for the specific allotrope. In particular, highpurity graphenes were produced by controlling the plasma parameters such as the electron temperature (e.g., raising it up to $2 eV) using an external magnetic field and hence increasing both the surface temperature and the material delivery rate; the same setup without magnetic field was capable to produce only the carbon nanotubes. 108 The process conducted at lower discharge current and low electron temperature produces only amorphous carbon.
B. Surface-based versus bulk growth of the nanostructures in plasmas
Along with the common features such as a high energy density and involvement of charged species and electric fields, various kinds of plasmas offer different parameters and hence are better suited for either surface-based (inductively coupled and microwave discharges) or bulk (arc discharge) growth of the nanostructures. The main differences in the ICP/MWP and arc plasmas are the operating pressure and plasma density (see Tables I and II , which is common for ICP discharges, and the highest operating pressure for the arc discharge reaches 1 atm and even higher for some arc types. As a result, quite different conditions for the nucleation and growth are present in ICP/MWP and arc plasmas. Relatively low material flux in ICP/MWP systems is a provision for their preferential use in the surface-based techniques where accumulation of the material on the substrate surface is a prerequisite for the nucleation and the following growth of nanostructures. In this case, the growth is due to material fluxes delivered directly from the plasma and also from the surface accumulating all material supplied from the plasmasurface sheath. Other applications of the ICP/MW plasmas involve treatment of the nanostructures, modification of their crystalline structures, and postprocessing of the surface-bound nanostructures for their activation, etc.
In contrast, the arc plasmas appear to be promising for the nucleation and growth of the nanostructures in the bulk. In this case, material is supplied from the plasma and accumulated only on the surface of the growing nanostructures (no material is supplied from the plasma-immersed substrate by surface diffusion), and thus, the high density of the plasma is the key reason why the bulk nanosynthesis in arc discharge is effective. Along with this, arc plasmas can also be used for the fabrication of nanostructured and hard films and coatings, e.g., nanocrystalline diamond. Moreover, process control using magnetic field is one more feature of the arc discharge, which makes it possible to simultaneously fabricate and separate different nanostructures directly in the process environment.
C. Plasma benefits for other nanomaterials
Though this review paper is mainly focused on the fabrication of carbon-based nanostructures in the low-temperature plasma environment, the plasma benefits for the fabrication of other (noncarbonous) nanomaterials are also worth of mentioning. Among others, the ability of plasma-based processes to produce highly crystalline materials such as single-crystal silicon nanostructures 121 and single-crystalline SiC/AlSiC core-shell nanostructures 122, 123 should be stressed. Very high rate of energy supply to the growth area and highly controllable material supply ensure the formation of the surface-based nanostructures of the highest quality with the high level of morphodimensional selectivity. 124, 125 The electric-field driven self-organization on solid surfaces is one more unique feature of the plasma-based processes. 64, 126, 127 In particular, the material fluxes on the surface, which are the main driving force of the self-organization of surface-based nanostructures such as quantum dots and nanocones, can be effectively controlled by the electric field and eventually, by the plasma parameters. [128] [129] [130] D. Future trends in the development of plasma-based systems Analysis of the plasma-based techniques for nanoscale synthesis demonstrates that the plasma has several features as a nanofabrication environment such as good controllability and high energy and material densities in the process volume. Owing to these features, many unique nanostructures have been synthesized. It is quite natural to suppose that the controllability and high output of the plasma-based systems can be further improved. Specifically, the following trends in the development of the plasma-based systems for nanofabrication should be noted: 1) Enhancing controllability of the existing systems by the development of new control tools, instruments, and methods enabling sophisticated management of power and particle fluxes to the substrates and nanostructures; 2) Development of new systems ensuring even higher level of controllability, especially in managing the precise deposition of the fabricated nanostructures onto surfaces, as well as plasma-chemical synthesis of new compounds.
As an outlook it should be pointed out that one of the most critical areas where research is needed is basic understanding of the plasma-based technique by utilizing advanced experimental techniques and numerical simulations. 
